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Gene duplication and fusion events that multiply and link func-
tional protein domains are crucial mechanisms of enzyme evolu-
tion. The analysis of amino acid sequences and three-dimensional
structures suggested that the (��)8-barrel, which is the most
frequent fold among enzymes, has evolved by the duplication,
fusion, and mixing of (��)4-half-barrel domains. Here, we mim-
icked this evolutionary strategy by generating in vitro (��)8-barrels
from (��)4-half-barrels that were deduced from the enzymes
imidazole glycerol phosphate synthase (HisF) and N�[(5�-phospho-
ribosyl)formimino]-5-aminoimidazole-4-carboxamide-ribonucleotide
isomerase (HisA). To this end, the gene for the C-terminal (��)4-
half-barrel (HisF-C) of HisF was duplicated and fused in tandem to
yield HisF-CC, which is more stable than HisF-C. In the next step, by
optimizing side-chain interactions within the center of the �-barrel
of HisF-CC, the monomeric and compact (��)8-barrel protein HisF-
C*C was generated. Moreover, the genes for the N- and C-terminal
(��)4-half-barrels of HisF and HisA were fused crosswise to yield
the chimeric proteins HisFA and HisAF. Whereas HisFA contains
native secondary structure elements but adopts ill-defined associ-
ation states, the (��)8-barrel HisAF is a stable and compact mono-
mer that reversibly unfolds with high cooperativity. The results
obtained suggest a previously undescribed dimension for the
diversification of enzymatic activities: new (��)8-barrels with
novel functions might have evolved by the exchange of (��)4-half-
barrel domains with distinct functional properties.

chimeric proteins � gene duplication � histidine biosynthesis � TIM-barrel

Gene duplication plays an important role in enzyme evolu-
tion. It has been estimated that �50% of all genes in

microorganisms are the result of duplication events, which are
followed by diversification of the twin genes (1, 2). Because the
(��)8- or TIM-barrel is the most common structural scaffold
among enzymes, its duplication must have occurred frequently.
The fold of the canonical (��)8-barrel consists of a central barrel
of eight parallel �-strands and eight external �-helices. Connect-
ing loops are located at the N-terminal (�-� loops) and C-
terminal (�-� loops) face of the barrel (3, 4). Although (��)8-
barrel enzymes catalyze a broad range of chemically diverse
reactions, their active sites always are located at the C-terminal
face of the barrel (5). For this reason, and on the basis of
comprehensive amino acid sequence comparisons (6, 7), it has
been postulated that a large fraction of the known (��)8-barrels
have evolved by gene duplication and diversification (8, 9). In
particular, similarities in sequence, structure, and function sug-
gest that several (��)8-barrels from the tryptophan and histidine
biosynthetic pathways have evolved divergently from a common
ancestral enzyme (10, 11). In support of this hypothesis, both
N�[(5�-phosphoribosyl)formimino]-5-aminoimidazole-4-carbox-
amide-ribonucleotide (ProFAR) isomerase (HisA) and imida-
zole glycerol phosphate synthase (HisF), which catalyze two
consecutive reactions of histidine biosynthesis, could be con-
verted by exchanging a single amino acid into enzymes with
phosphoribosylanthranilate isomerase (TrpF) activity (12, 13).

(��)8-Barrels are considered to be single-domain proteins.
HisF and HisA from Thermotoga maritima (Fig. 1) possess,

however, a striking internal twofold symmetry. The pairs of
N-terminal halves (designated HisF-N and HisA-N), which
consist of the first four (��) units, and the pairs of C-terminal
halves (designated HisF-C and HisA-C), which consist of the last
four (��) units, display sequence identities between 16% and
26% and rms deviation values of their main-chain nonhydrogen
atoms between 1.4 and 2.1 Å (10, 14). Moreover, the catalytically
essential aspartate residues of both HisF and HisA are located
at equivalent positions at the C-terminal ends of the respective
strands �1 (within HisF-N and HisA-N) and �5 (within HisF-C
and HisA-C) (10, 15–17). When produced separately, the half-
barrels HisF-N and HisF-C are homodimeric proteins with
native secondary and tertiary structures but without measurable
catalytic activity. When coexpressed in vivo or refolded together
in vitro, the two proteins assemble to a catalytically fully active
HisF-NC heterodimer (15). It appears that both HisF and HisA
are composed of two structural domains, namely the correspond-
ing N- and C-terminal half-barrels. These results suggest an
evolutionary scenario according to which a primordial gene
encoding a (��)4-half-barrel as a subunit of a homodimeric
enzyme was duplicated and fused to yield a monomeric, ancestral
(��)8-barrel, from which HisF, HisA, and presumably also TrpF
evolved by a series of further gene duplication and diversification
events (4, 11). Moreover, it was postulated that (��)4-half-
barrels are independently evolving domains, implying that new
(��)8-barrels could be generated by mixing and joining (��)4-
half-barrels from an existing pool (18). Along these lines, an
extensive search of the Protein Data Bank (www.pdb.org) with
HisF-N and HisF-C as queries revealed significant similarities to
several (��)8-barrel enzymes and to members of the flavodoxin-
like fold family, as indicated by sequence identities of up to 22%
and Z scores of up to 6.4 (19). The flavodoxin-like fold, which
is found both as an isolated polypeptide chain and as an integral
domain of larger proteins, consists of five (��) elements. Four
of them are topologically equivalent to the four (��) elements of
HisF-N and HisF-C, and the fifth element corresponds to an
additional small two-stranded �-sheet that is located in the first
�-� loop of each half-barrel.

The goal of the present work was to reconstruct experimen-
tally the postulated evolutionary events that can lead to the
generation of new (��)8-barrels from existing (��)4-half-barrels.
To this end, the half-barrel HisF-C was duplicated, fused, and
optimized to yield the stable and monomeric HisF-C*C barrel.
Moreover, the N- and C-terminal half-barrels of HisA and HisF
were fused crosswise to yield the chimeric HisAF and HisFA
proteins (Fig. 1). The results indicate that stable (��)8-barrels
can be assembled in the laboratory from (��)4-half-barrels and
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suggest that similar events might have occurred in the course of
natural evolution.

Materials and Methods
Cloning and Heterologous Expression of hisF-CC and hisF-C*C and
Purification of the Protein Products. The hisF-CC gene was cloned
in several steps. First, hisF-C (15) was amplified by PCR, using
the plasmid SK��III P-P as a template (14). For the amplifi-
cation of hisF-C1, which is the 5� copy within hisF-CC, the
oligonucleotide 5�-ATA CAT ATG CAG GCC GTT GTC GTG
GCG ATA-3� with a NdeI site (in bold) was used as the 5� primer,
and the oligonucleotide 5�-ATA GGA TCC CAA CCC CTC
CAG TCT CAC GTT-3� with a BamHI site (in bold) was used
as the 3� primer. For the amplification of hisF-C2, which is the
3� copy within hisF-CC, the oligonucleotide 5�-ATA GGA TCC
GGT CAG GCC GTT GTC GTG GCG-3� with a BamHI site (in
bold) was used as the 5� primer, and the oligonucleotide 5�-GTG
CTC GAG CAA CCC CTC CAG TCT CAC GTT-3� with a XhoI
site (in bold) was used as the 3� primer. The amplified hisF-C2
was cloned into pET24a(�) by using BamHI and XhoI, yielding
the construct pET24a(�)-hisF-C2. Then, hisF-C1 was cloned into
this vector by using NdeI and BamHI, yielding pET24a(�)-hisF-
CC. The primers were designed such that a Gly–Ser–Gly linker
was introduced between the two hisF-C units to give the fused
half-barrels more conformational freedom and to avoid steric
clashes that might impede their association. For the production

of hisF-C*C from hisF-CC, the alanine codons 124 and 220 of
hisF-C1 were replaced by an arginine and a lysine codon,
respectively. The mutations were introduced by megaprimer
PCR (20), by using the oligonucleotide 5�-ATA CAT ATG CAG
CGC GTT GTC GTG GCG ATA-3� to introduce the mutation
A124R (new codon in bold), and the oligonucleotide 5�-GAC
AAG GCC CTT GCG GCT TCT GTC-3� was used to introduce
the mutation A220K (new codon in bold). All constructs were
sequenced entirely to exclude inadvertent PCR mutations. The
HisF-CC and HisF-C*C proteins, which carry a His-6 tag at their
C termini, were produced in Escherichia coli BL21(DE3). They
were found in the insoluble fraction of the cell extract and
solubilized, stepwise refolded, and purified as described for
HisF-C (15).

Cloning and Heterologous Expression of hisAF and hisFA and Purifi-
cation of the Protein Products. The chimeric genes hisAF and
hisFA were cloned with and without a linker that encodes a
Gly–Ser–Gly stretch. For construction of hisAF with linker, the
N-terminal half of hisA (hisA-N) was amplified by PCR using the
plasmid SK��III P-P (14), and the oligonucleotide [1] 5�-AGC
CAT ATG CTC GTT GTC CCG GCG ATA GAT-3� with a NdeI
site (in bold) as the 5� primer and the oligonucleotide 5�-GGC
GGA TCC ATC GAT TTC TCT CAG GGA TTT-3� with a
BamHI site (in bold) as the 3� primer. The amplified hisA-N was
cloned into pET24a(�)-hisF-C2 (see cloning of hisF-CC) by
using NdeI and BamHI, yielding pET24a(�)-hisAlinkF. The
linker was removed by PCR with pET24a(�)-hisAlinkF as
the template as follows. First, hisA-N was amplified by using the
oligonucleotides [1] as the 5� primer and 5�-CAC GAC AAC
GGC CTG ATC GAT TTC TCT CAG-3� as the 3� primer. The
amplification product was used in a second PCR as the 5� primer
together with the oligonucleotide 5�-GTG GGA TCC TTA CAA
CCC CTC CAG TCT CAC GTT-3� with a BamHI site (in bold)
as the 3� primer. The resulting fragment was cloned into
pET24a(�) by using NdeI and BamHI, yielding pET24a(�)-
hisAF. For construction of hisFA with linker, the C-terminal half
of hisA (hisA-C) was amplified by PCR using the plasmid
SK��III P-P as the template, the oligonucleotide 5�-ATA GGA
TCC GGT GTG GAG CCC GTG-3� with a BamHI site (in bold)
as the 5� primer, and the oligonucleotide [2] 5�-ATA GCG GCC
GCG CGA GCA TAT CTC TTC ATC AC-3� with a NotI site
(in bold) as the 3� primer. The amplified hisA-C was cloned into
pET24a(�) by using BamHI and NotI, yielding the plasmid
pET24a(�)-hisA-C. Then, hisF-N was amplified by PCR using
the plasmid SK��III P-P as the template, the oligonucleotide [3]
5�-AGC CAT ATG CTC GCT AAA AGA ATA ATC GCG-3�
with a NdeI site (in bold) as the 5� primer, and the oligonucle-
otide 5�-GCC GGA TCC ACT CCC AAA AGT TTG-3� with a
BamHI site (in bold) as the 3� primer. The amplified hisF-N was
cloned into pET24a(�)-hisA-C by using NdeI and BamHI,
yielding the plasmid pET24a(�)-hisFlinkA. The linker was
removed by PCR with pET24a(�)-hisFlinkA as the template as
follows. The N-terminal half of hisF was amplified by using the
oligonucleotide [3] as the 5� primer and 5�-GAA CAC GGG
CTC CAC ACT CCC AAA AGT TTG-3� as the 3� primer. The
amplification product was used in a second PCR as a 5� primer
together with the oligonucleotide [2] as the 3� primer. The
resulting fragment was cloned into pET24a(�) by using NdeI and
NotI, yielding pET24a(�)-hisFA. All inserts were entirely se-
quenced to exclude inadvertent PCR mutations. Upon expres-
sion from these plasmids, no His-6 tag was attached to HisAF,
whereas a His-6 tag was attached to the C terminus of HisFA.

Heterologous expression of hisAF and hisFA was conducted
in E. coli BL21(DE3)c� cells. HisAF was found in the soluble
(�10%) as well as in the insoluble (�90%) fraction of the cell
extract, but only protein from the insoluble fraction was purified.
HisFA was found solely in the insoluble fraction. For further

Fig. 1. The (��)8-barrel enzymes HisF (green) and HisA (blue) consist of
half-barrels, which were fused in different combinations. (A) Ribbon diagrams
showing a view down the axis of the central �-barrels. The N-terminal half-
barrels HisF-N and HisA-N are dark-colored, and the C-terminal half-barrels
HisF-C and HisA-C are light-colored. The positions of the single tryptophan
residues 156 (HisF) and 138 (HisA) are marked with a yellow circle. (B) Topology
diagrams showing the unrolled eight (��) units joined at the top by �-� loops
and at the bottom by �-� loops. �-� loops 1 and 5 are longer and more flexible
than the other loops. In both HisA and HisF, the black arrows indicate a specific
trypsin cleavage site located in �-� loop 1. (C) Fusion constructs produced and
characterized in this work. The residue numbers give the borders of the
half-barrels of HisF and HisA. The thick bar in HisF-CC and HisF-C*C represents
the Gly–Ser–Gly linker that joins the two (��)4-half-barrels. The locations of
the two amino acid exchanges at positions 124 and 220 in the N-terminal half
of HisF-C*C (see Fig. 2) are marked with asterisks.

Höcker et al. PNAS � November 23, 2004 � vol. 101 � no. 47 � 16449

BI
O

CH
EM

IS
TR

Y



purification, both proteins were solubilized and stepwise re-
folded by dialysis against 50 mM potassium phosphate (pH 7.5)
(15). The HisFA protein was pure to at least 95%, which was
sufficient for its characterization. HisAF, which was pure to only
�90–95%, was loaded onto a HiLoad 26�60 Superdex 75 (320
ml, Amersham Pharmacia) that was equilibrated with 50 mM
potassium phosphate and 300 mM KCl (pH 7.5). Elution was
performed in the same buffer at a flow rate of 0.5 ml�min.
Fractions with the highest protein content were pooled and
dialyzed extensively against 50 mM potassium phosphate (pH
7.5). The characterization of HisAF and HisFA showed that the
presence of the Gly–Ser–Gly linker did not make any measurable
difference. For this reason, only data for HisAF and HisFA
without linker are presented.

Analytical Methods. SDS�PAGE, protein concentration measure-
ments, and CD spectroscopy were carried out as described in ref.
15. Analytical gel filtration was performed by using a calibrated
Superdex 75 column (Amersham Pharmacia). The proteins (0.03
mg for HisF-C, HisF-CC, and HisF-C*C; 0.24 mg for HisAF and
HisFA) were eluted at a flow rate of 0.5 ml�min in 50 mM
potassium phosphate and 300 mM KCl (pH 7.5) at 23°C. Fluores-
cence spectroscopy was performed with a Cary Eclipse spectro-
photometer (Varian). Protein unfolding induced by urea or gua-
nidinium chloride was followed by the decrease of the CD signal at

222 nm, or of the fluorescence emission at 320 nm (HisF, HisF-C,
HisF-CC, HisF-C*C, and HisAF), 322 nm (HisFA), or 340 nm
(HisA) after excitation at 280 nm. The proteins were incubated with
different concentrations of the chaotropic agents, and the signals
were detected after different time intervals until no further change
was observed. After complete unfolding in 8 M urea or 6 M
guanidinium chloride, all proteins could be refolded by removing
the chaotropic agent by means of dilution or dialysis, by using 50
mM potassium phosphate buffer (pH 7.5). Limited proteolysis was
performed in 50 mM Tris (pH 8.0) at 25°C, containing 0.2 �M
trypsin and 10 �M HisAF. The reaction was stopped after different
time intervals by adding SDS�PAGE sample buffer and heating for
5 min at 95°C. The time course of proteolysis was followed on
Tris-N-tris(hydroxymethyl)methylglycine gels containing 20%
acrylamide (21).

Results and Discussion
Production of a Stable (��)8-Barrel from Two HisF-C Half-Barrels. Two
copies of the hisF-C gene from T. maritima (15), each encoding
the sequence from �-strand 5 through �-helix 8 (residues 123–
253), were cloned in tandem and connected by a Gly–Ser–Gly
linker, yielding HisF-CC (Fig. 1C). The amino acid side chains
that point to the interior of the wild-type HisF barrel form four
optimally packed layers that lie on top of each other and are
numbered from the C-terminal to the N-terminal face (22). Each

Fig. 2. Design and spectroscopic characterization of HisF-C, HisF-CC, and HisF-C*C. (A) Optimizing the interface between the half-barrels of HisF-CC yields
HisF-C*C. Superposition of the �-strands and the side chains of layer 4 from HisF (green) on the model of layer 4 of HisF-CC (yellow). (The figure was prepared
with SWISS PDB VIEWER.) Within layer 4 of HisF-CC, alanine 124 was replaced by arginine (A124R), and alanine 220 was replaced by lysine (A220K) in the first HisF-C
unit, yielding HisF-C*C (see Fig. 1C). The side chain of the introduced K220 superimposes on K99 of HisF. In contrast, the side chain of the introduced R124 (which
is located at the flexible N terminus) is pointing to the exterior of the barrel but might mimic the native R5 by moving inwards to form a salt-bridge cluster similar
to that present in HisF. (B–D) HisF-C, HisF-CC, and HisF-C*C have well defined secondary and tertiary structures. (B) Far-UV CD spectra. Protein concentrations
are between 0.14 and 0.20 mg�ml, d � 0.1 cm. The shown spectra are the mean of 10 individual spectra. (C) Fluorescence emission spectra (excitation at 280 nm).
Protein concentrations are between 0.10 and 0.16 mg�ml. The emission maximum of HisF is at 323 nm, and the maxima of the other variants are at 333 nm. All
spectra were recorded in 50 mM potassium phosphate (pH 7.5) at 23°C. (D) Near-UV CD spectra. Protein concentrations are as follows: HisF and HisF-C, 0.17 mg�ml,
d � 5 cm; HisF-C*C, 3.0 mg�ml, d � 0.5 cm; HisF-CC, 0.28 mg�ml, d � 1.0 cm. The shown spectra are the mean of 10 individual spectra.
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layer is either formed by the side chains from residues of the four
odd- or even-numbered �-strands, leading to a fourfold sym-
metric layer arrangement. The fourth layer differs from the other
three layers in that it is formed by the four charged residues
arginine 5 (�-strand 1), glutamate 46 (�-strand 2), lysine 99
(�-strand 4), and glutamate 167 (�-strand 6), whereas the other
layers are formed by hydrophobic and polar side chains. More-
over, arginine 5 does not fit into the fourfold symmetry pattern
but locates the guanidinium group of its long side chain in front
of the small side chain of alanine 220 of �-strand 8, which is the
regular member of layer 4. Modeling of the putative HisF-CC
barrel by superposition of a second HisF-C half onto the
N-terminal half of HisF suggested that the residues in layers 1–3
are well packed. Within layer 4, however, HisF-CC cannot form
the conserved and putatively stabilizing salt-bridge cluster that
is found in HisF, because of the presence of alanine 124
(�-strand 5) and alanine 220 (�-strand 8) equivalent to arginine
5 (�-strand 1) and lysine 99 (�-strand 4). To reconstitute the
salt-bridge cluster, alanine residues 124 and 220 in the N-
terminal half of HisF-CC were replaced by arginine and lysine,
respectively, yielding HisF-C*C (Figs. 1C and 2A).

HisF-C, HisF-CC, and HisF-C*C were produced in E. coli,
purified, and characterized in comparison with wild-type HisF.

The far-UV CD spectra of the three variants were virtually
identical and similar to that of HisF (Fig. 2B), suggesting that all
proteins have well defined secondary structures (23). HisF-C,
HisF-CC, HisF-C*C, and HisF contain the same single trypto-
phan residue 156 in �-helix 5 (10) (Fig. 1 A and B), which allows
one to compare their tertiary structures on the basis of f luores-
cence and near-UV CD spectroscopy. The fluorescence emis-
sion spectra of HisF-C, HisF-CC, and HisF-C*C lie at 333 nm,
in comparison with 323 nm for HisF (Fig. 2C). Moreover, their
distinct near-UV CD spectra are practically identical and similar
to that of HisF (Fig. 2D). These results suggest that the indole
chromophore of tryptophan 156 is in a comparably asymmetric
environment in the three variants and that it is almost as well
shielded from solvent as in HisF (23).

In analytical gel filtration experiments, a significant fraction of
purified HisF-C and HisF-CC correspond to ill-defined oli-
gomers (Fig. 3A). The main peaks of HisF-C and HisF-CC,
however, elute at a molecular mass of 29.7 kDa, corresponding
to dimeric HisF-C and monomeric HisF-CC. In contrast to
HisF-CC, HisF-C*C is solely monomeric, suggesting that the
substitutions in layer 4 (Fig. 2 A) stabilize a more compact
structure. The reversible unfolding by urea revealed that, at
identical protein concentrations, HisF-CC is considerably more
stable than HisF-C (Fig. 3B). HisF-C*C is as stable as HisF-CC
but unfolds with a higher cooperativity, testifying to a more
compact structure, in accordance with the sharp elution peak
observed in the analytical gel filtration (Fig. 3A). Finally,

Fig. 3. Association states and stabilities of HisF-C, HisF-CC, and HisF-C*C. (A)
Analytical gel filtration reveals different association states. The main peaks
correspond to a molecular mass of 29.7 kDa, which is equivalent to a monomer
for HisF, HisF-C*C, and HisF-CC, and to a homodimer for HisF-C. The faster
eluting peaks correspond to higher association states of HisF-C and HisF-CC,
which are not well defined. (B) Urea-induced denaturation shows that HisF-
C*C and HisF-CC are more stable than HisF-C and that HisF-C*C unfolds with
a higher cooperativity than HisF-CC. Proteins at a concentration between 0.11
and 0.13 mg�ml were incubated with the given concentrations of urea in 50
mM potassium phosphate (pH 7.5) at 23°C. Unfolding was followed by re-
cording the decrease of the fluorescence emission at 320 nm after excitation
at 280 nm. The transition midpoint of HisF-C is at 2.8 M urea, and the transition
midpoints of HisF-CC and HisF-C*C are at 4.4 M urea. The lines that connect the
individual points were drawn as a visual aid.

Fig. 4. Association states (A) and stabilities (B) of HisAF and HisFA. (A)
Analytical gel filtration. The main peaks of HisAF, HisF, and HisA correspond
to molecular masses of 29.5, 28.1, and 26.7 kDa, respectively, which are
equivalent to monomers. (B) Urea-induced denaturation shows that HisAF is
more stable than HisFA. Proteins at concentrations of 0.1 mg�ml were incu-
bated with the given concentrations of urea in 50 mM potassium phosphate
(pH 7.5) at 23°C. The loss of the tertiary structure was followed by recording
the decrease of the fluorescence emission (circles) at 320 nm (HisAF) or 322 nm
(HisFA) after excitation at 280 nm. The loss of the secondary structure was
recorded by the decrease of the CD signal at 222 nm (triangles).
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HisF-C, HisF-CC, and HisF-C*C were tested for catalysis of the
HisF reaction under steady-state conditions. None of them
showed measurable activity, even at protein concentrations of
20 �M.

Production of Chimeric (��)8-Barrels by the Crosswise Fusion of (��)4

Half-Barrels from HisA and HisF. The two chimeric proteins HisAF
and HisFA were produced in E. coli, purified, and characterized
in comparison with their parent proteins, HisA and HisF. In
HisAF, (��)1–4 is derived from HisA, and (��)5–8 is derived from
HisF. In the mirror chimera HisFA, (��)1–4 is derived from
HisF, and (��)5–8 is derived from HisA (Fig. 1C).

The far-UV CD spectrum of HisAF (see Fig. 6A, which is
published as supporting information on the PNAS web site)
testifies to a well defined secondary structure. HisAF and HisF
contain the same single tryptophan residue 156 in helix �5 (Fig.
1). The near-UV CD and the fluorescence emission spectra of
HisAF and HisF are almost identical (Fig. 6 B and C), suggesting
that the indole chromophore is comparably well shielded in the
asymmetric interior of the two proteins. Analytical gel filtration
showed that HisAF elutes at the same time and as an equally
sharp peak as HisA and HisF, proving that it is a homogenous
monomer (Fig. 4A). To assess the conformational stability of
HisAF, its reversible unfolding was induced by urea and followed
by far-UV CD and fluorescence spectroscopy (Fig. 4B). The two
equilibrium-unfolding traces superimpose well, which indicates
that the secondary and tertiary structures are lost simulta-
neously. Moreover, unfolding is highly cooperative with a tran-
sition midpoint at �4 M urea. These data show that HisAF has
native-like properties and is comparably stable as an average
natural protein (24). HisA and HisF cannot be unfolded com-
pletely by urea (data not shown). To compare their stabilities

with that of HisAF, all three proteins were denatured by
guanidinium chloride, and unfolding was followed by fluores-
cence spectroscopy. The transition midpoints of HisA, HisF, and
HisAF occurred at 3.5, 3.1, and 1.8 M guanidinium chloride,
showing that the chimera is less stable against denaturant than
its parent proteins (see Fig. 7, which is published as supporting
information on the PNAS web site). Limited proteolysis was
applied to further compare the stabilities of HisA and HisAF.
Both proteins were cleaved by trypsin at a similar rate (data not
shown) after the same arginine residue, which is located in the
flexible loop that connects �-strand 1 with �-helix 1 (Fig. 1B).
HisAF was tested for catalysis of the HisA and the HisF reaction
under steady-state conditions. It displayed neither activity, even
at a concentration of 20 �M. Accordingly, the plasmid-encoded
hisAF gene was unable to complement on selective medium
auxotrophic E. coli strains that lack a functional hisA or hisF gene
on their chromosome (data not shown). We conclude that HisAF
is catalytically inactive, both in vitro and in vivo.

According to far-UV CD spectroscopy, HisFA adopts a well
defined secondary structure (Fig. 6A). HisA and HisFA contain
the same single tryptophan residue 138 in the loop between
�-strand 5 and �-helix 5 (Fig. 1). However, the near-UV CD
spectrum of HisFA is less pronounced than that of HisA,
suggesting that the environment of the indole chromophore is
less asymmetric and that its tertiary structure is less well ordered
(Fig. 6B). In contrast, the fluorescence emission maximum of
HisFA is found at a lower wavelength (341 nm) than that of HisA
(347 nm) (Fig. 6C), suggesting that tryptophan 138 is less
solvent-exposed in HisFA than in HisA. Analytical gel filtration
shows that HisFA forms a mixture of various association states,
which are not well defined (data not shown). The unfolding of
HisFA occurs at lower concentrations of urea and is less

Fig. 5. Evolving (��)8-barrels by duplicating and fusing, and mixing and matching (��)4-half-barrels. Model of the natural evolution of (��)8-barrel enzymes
from half-barrels (Lower) and its experimental reconstruction in this study (Upper). The variants generated and characterized are color-coded as in Figs. 2–4. The
primordial (��)4-half-barrel was mimicked by HisF-C. The duplication of its gene and fusion yielded the gene for HisF-CC, and the subsequent optimization of
the interface between the two identical halves resulted in HisF-C*C. HisF-C*C mimics an ancestral (��)8-barrel, from which HisA and HisF might have evolved by
means of further gene duplication and diversification events. Recombining (��)4-half-barrels, mimicked by HisA-N, HisF-N, HisA-C, and HisF-C, leads to new
(��)8-barrels, mimicked by HisAF and HisFA. Through further steps of duplication and diversification, a repertoire of less symmetrical (��)8-barrel enzymes
evolved, which was extended by recombination. An example is provided by the prokaryotic and eukaryotic phospholipases C (30) (see text for details). A
comprehensive database search suggests an evolutionary linkage between (��)4-half-barrels and the (��)5-flavodoxin-like fold family (19).
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cooperative compared with HisAF (Fig. 4B). These results
demonstrate that HisFA is less stable and has a less-defined and
less compact structure than HisAF, in accordance with its weakly
pronounced near-UV CD spectrum. Along the same lines,
incubation with trypsin results in the complete degradation of
HisFA within 5 min (data not shown).

Implications for the Evolution of (��)8-Barrels. It has been postu-
lated that HisA and HisF evolved from a common (��)4-half-
barrel by a series of gene duplication and diversification events
(4, 11). In the present work, the first steps of this hypothetical
evolutionary pathway were reconstructed experimentally, by
using HisF-C as a model for the ancestral half-barrel (Fig. 5).
The tandem fusion of two HisF-C units led to HisF-CC, which
is more stable than HisF-C (Fig. 3B). In accordance with this
finding, it has been postulated that protein fusion in general
increases the conformational stability of the linked proteins,
because it decreases the translational and rotational entropy of
the unfolded state (25–27). Along these lines, fusion of the
subunits of the homodimeric gene V protein of bacteriophage f1
resulted in an increased stability and folding rate (28). The
HisF-CC protein did not form a homogeneous monomer but still
had a tendency to aggregate (Fig. 3A), probably because steric
hindrance and�or electrostatic repulsion prevented the proper
association of the two identical half-barrels. To optimize this
association, the native salt-bridge cluster of layer 4 was recon-
stituted within HisF-CC, which yielded the homogeneous and
compact protein HisF-C*C. The improved stability and solubil-
ity of HisF-C*C compared with HisF-CC has been anticipated by
the ‘‘Rosetta stone model’’ for the evolution of protein–protein
interactions (29). This model postulates that protein fusion leads
to unspecific interactions between the linked domains, which
then are optimized by interface mutations. The model outlined
in Fig. 5 also suggests that (��)4-half-barrels, although an

integral part of (��)8-barrels, are independently evolving do-
mains that were mixed and matched to other (��)4-half-barrels
or quite different domains in the course of evolution (18). In
support of this idea, the chimeric proteins HisAF and HisFA
could be isolated in pure form and characterized. Whereas
HisFA is relatively insoluble, labile, and forms ill-defined oli-
gomers, HisAF is highly soluble, stable, and monomeric. These
findings indicate that the (��)8-barrels HisA and HisF are
indeed composed of interchangeable (��)4 units. In other
(��)8-barrels, such (��)4-half-barrels might have distinct func-
tional properties, the combination of which with different pro-
tein domains would result in a remarkable increase of catalytic
versatility. An example is provided by the phosphoinositide-
specific phospholipases C. Whereas the structures of the C-
terminal halves of eukaryotic and prokaryotic phosphoinositide-
specific phospholipases C are unrelated, their N-terminal (��)4-
half-barrels, which contain all catalytically essential residues,
superimpose with an rms deviation of only 1.85 Å for 104
equivalent C� atoms (30). Obviously, the catalytic core domain
of phosphoinositide-specific phospholipases C is a (��)4-half-
barrel, the structural and functional properties of which are
modified by the different domains that are fused to its C
terminus.

In summary, we were able to reconstruct experimentally
putative events in the course of (��)8-barrel evolution, gener-
ating the stable and monomeric HisF-C*C and HisAF proteins.
These proteins have well defined tertiary structures and, there-
fore, provide an appropriate scaffold for the establishment of
catalytic activity, which is the prerequisite for an evolutionary
advantageous function.
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19. Höcker, B., Schmidt, S. & Sterner, R. (2002) FEBS Lett. 510, 133–135.
20. Sarkar, G. & Sommer, S. S. (1990) BioTechniques 8, 404–407.
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